CERAMIC NANOCOMPOSITE POWDERS REINFORCED WITH 
CARBON NANOTUBES AND THEIR FABRICATION PROCESS 



BACKGROUND OF THE INVENTION 

[0001] This application claims priority to Korean Patent Application No. 10- 

2003-0011815, filed February 25, 2003, which is incorporated by reference 
herein in its entirety. 

Field of the Invention 

[0002] The present invention relates to ceramic nanocomposite powders 

reinforced with carbon nanotubes, and more particularly to a fabrication 
process of ceramic nanocomposite powders in which carbon nanotubes are 
homogeneously distributed in a ceramic matrix without agglomeration of the 
carbon nanotubes. 

Related Art 

[0003] Currently, some researchers have reported fabrication techniques of 

ceramic composite materials reinforced with carbon nanotubes. For example, 
in order to improve hardness and fracture toughness of ceramic composite 
materials, Laurent, C, et al, J, Eur. Ceram. Soc. 75:2005-2013 (1998), 
Peigney, A., et al, Ceram. Int. 2(J:677-685 (2000) and Siegel, R.W., et al, 
Scripta Mater. 44:206\-206A (2001), developed methods for fabricating 
carbon nanotubes-Fe-alumina or carbon nanotubes-SiC-alumina composite 
materials having a weight fraction of carbon nanotubes of 2-15% using a hot 
pressing process or conventional sintering process. 

[0004] However, since they employed a simple powder-powder blending 

method for mixing of carbon nanotubes 2md ceramic matrix powders to 
fabricate composite materials, it was difficult to fixrther improve the 
characteristics of the composite materials to a desirable level. That is, a 
simple blending of powders for the fabrication of composite materials cannot 
eliminate factors negatively affecting characteristics of the composite 



materials such as high porosity, low relative density, etc., resulting from 
agglomeration of carbon nanotubes, etc. This was because the dispersibility of 
the carbon nanotubes was not sufficiently taken into consideration during 
fabrication of the ceramic composite materials. 
[0005] Therefore, the carbon nanotubes in matrix materials should be 

dispersed, and this microstructural shape influences the characteristics and 
sinterability of final ceramic nanocomposite powders to be fabricated. 
Accordingly, since the improvement in the dispersibility of the carbon 
nanotubes leads to sound-state composite powders, conventional techniques 
do not permit the fabrication of composite powders with excellent 
characteristics. The term 'sound-state' used herein refers to the state in which 
carbon nanotubes are homogeneously dispersed not only on the surface but 
also in the interior of a ceramic matrix. 



SUMMARY OF THE INVENTION 

[0006] It is an object of the present invention to provide a method for 

fabricating ceramic nanocomposite powders which includes a ceramic matrix 
and carbon nanotubes homogeneously dispersed in the matrix, thereby 
preventing agglomeration of the carbon nanotubes. 

[0007] In order to accomplish the above object of the present invention, there 

is provided a method for fabricating ceramic nanocomposite powder, said 
method comprising: (a) dispersing carbon nanotubes in a dispersion medium, 
(b) sonicating the dispersion, (c) dispersing a water-soluble salt in the 
sonicated dispersion of (b), (d) sonicating the dispersion of (c), and (e) drying 
and calcinating the sonicated dispersion of (d), wherein the water-soluble salt 
forms a ceramic matrix post-calcination, thereby fabricating ceramic 
nanocomposite powder, wherein the carbon nanotubes are homogeneously 
dispersed in the ceramic matrix. 

[0008] In some embodiments, the dispersion medium in (a) is selected from 

the group consisting of water, ethanol, nitric acid solution, toluene, N,N- 
dimethylformamide, dichlorocarbene and thionyl chloride. In some 
embodiments, the water-soluble salt, mixed with the carbon nanotubes, 
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includes metal-based salts capable of being formed into a ceramic matrix after 
the calcination process. In some embodiments, the ceramic matrix is selected 
from the group consisting of aluminum oxides, copper oxides, cobalt oxides, 
nickel oxides, zinc oxides, tungsten oxides and silicon oxides. 

[0009] In the present invention, the drying can be carried out at 80-100°C. In 

some embodiments, when the ceramic matrix requires a calcination 
temperature of 400®C or lower, the calcination is carried out in air at 300- 
350^C. In some embodiments, when the ceramic matrix requires a calcination 
temperature of 400®C or higher, the calcination is carried out under high 
vacuum at a temperature of 400-l,700^C. In some embodiments, when the 
ceramic matrix requires a calcination temperature of 400°C or lower, it is 
further dried at 300-350°C. 

[0010] In the present invention, ceramic nanocomposite powder comprising a 

matrix, and carbon nanotubes homogeneously dispersed in the matrix, are 
fabricated in accordance with the method described herein. 



BRIEF DESCRIPTION OF THE DRAWINGS 



[0011] FIG. 1 is a diagram showing a ceramic nanocomposite powder 

fabricated by a method according to the present invention. 
[0012] FIG. 2 is a scanning electron microscope (SEM) image of composite 

powders fabricated in accordance with a conventional method for fabricating 

ceramic nanocomposite powders. 
[0013] FIG. 3 is a process chart of a method for fabricating ceramic 

nanocomposite powders according to the present invention. 
[0014] FIG. 4 is an X-ray diffraction (XRD) graph showing carbon 

nanotube/alumina nanocomposite powders fabricated in accordance with an 

embodiment of the present invention. 
[0015] FIGS. 5a and 5b are SEM images of carbon nanotube/alumina 

nanocomposite powders fabricated in accordance with the present invention. 
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[0016] FIGS. 6a and 6b are an XRD graph and SEM image of carbon 

nanotube/copper oxide nanocomposite powders fabricated in accordance with 
the present invention, respectively. 



DETAILED DESCRIPTION OF THE INVENTION 



[0017] Generally, a carbon nanotube has strength of the order of 30 GPa and 

elastic modulus of the order of 1 TPa. The carbon nanotubes usable in the 
present invention include, but are not limited to, those having a relatively high 
aspect ratio, and preferably an aspect ratio of 10:1-1,000:1. In addition, the 
carbon nanotubes usable in the present invention can have a purity of 95% or 
higher. In one embodiment of the present invention, tubular carbon nanotubes 
having a diameter of about 10-40 nm and a length of 5 [im can be used. The 
tubular carbon nanotubes can be used as a reinforcement in ceramic composite 
materials. 

[0018] In order to separate a bundle of carbon nanotubes into individual tubes, 

the carbon nanotubes are dispersed in an appropriate dispersion medium. So 
long as the dispersion medium can functionalize the carbon nanotubes, any 
type of solution and solvent can be used. The term * functionalize' as used 
herein refers to the state that functional groups are formed around the 
periphery of the carbon nanotubes in the dispersion medium. Examples of the 
dispersion medium for dispersing the carbon nanotubes include, but are not 
limited to, water, ethanol, nitric acid solution, toluene, N,N- 
dimethylformamide, dichlorocarbene, thionyl chloride, etc. Water, ethanol 
and nitric acid solution have simple properties and excellent dispersibility due 
to formation of electrostatic charges and carboxylation on the surface of the 
carbon nanotubes. 

[0019] Sonication is carried out to promote dispersion of carbon nanotubes in 

the dispersion medium. Sonication is typically carried out at 40-60 kHz, for 2- 
4 hours. Common ultrasonic cleaning systems can be used, e.g. a Model 
08893-16 (Cole-Parmer, Vernon Hills, IL). 
> [0020] So long as metal based salts are changed into ceramic materials and are 

reinforced with the carbon nanotubes after a calcination process, any ceramic 
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materials can be used as the matrix material. The matrix material usable in the 
present invention includes, but are not limited to, all metal-based salts capable 
of being formed into a ceramic matrix post calcination. Examples of metal- 
based salts include aluminum hydroxides, water-soluble copper salts, cobalt 
salts, tin salts, chromium salts, magnesium salts, tungsten salts, silicon salts 
and the like. 

[0021] After the addition of the water-soluble metal -based salts to the 

sonicated dispersion, a second sonication is carried out. The second 
sonication is carried out under conditions substantially similar to the first 
sonication. The second sonication can be carried out at 40-60 kHz for 10 
hours. If the second sonication is carried out for more than 10 hours, defects 
on the surface of the carbon nanotubes can be generated. Defect means that 
the well-aligned graphite structure is destroyed on the surface of the carbon 
nanotubes. The sonication treatments are carried out to homogeneously 
disperse the carbon nanotubes and the water-soluble salt in the dispersion 
medium, and to induce the formation of chemical bonds between the carbon 
nanotubes and the matrix at the molecular level. 

[0022] Drying and calcination are carried out in an atmosphere that does not 

damage the carbon nanotubes, e.g., under vacuum, hydrogen gas, or an inert 
gas atmosphere such as argon or nitrogen gas. The calcination conditions are 
varied depending on the kinds of final ceramic matrix material used. In order 
to fabricate ceramic nanocomposite powders reinforced with carbon 
nanotubes, the drying and calcination can occur under the following 
conditions. 

[0023] Carbon nanotubes exhibit a tendency to be oxidized in air at 400°C or 

more and thus disappear. Accordingly, the drying step can be carried out at 
80-100°C, at which water contained in the dispersion medium is completely 
removed. In addition, the drying step can be carried out for 6-12 hours. 
Under these conditions, oxygen and air are sufficiently provided to 
substantially remove impurities, e.g., water and organic solvents. 

[0024] The conditions for calcination also depend on the kinds of matrix 

materials used. For example, in the case of a ceramic matrix material 
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requiring a calcination temperature of 400°C or lower, calcination can be 
carried out in air at 300-350°C to prevent damage to the carbon nanotubes. At 
a temperature of 350®C or lower, impurities, e.g., organic solvents, contained 
in the matrix powders can be removed and stable oxides are formed. When 
the temperature is lower than 300**C, there is a risk of incomplete removal of 
the organic solvents. In addition, calcination can be carried out in the range of 
about 2-4 hours to form a stable oxide ceramic phase. In the case of a matrix 
material requiring a calcination temperature of 400°C or higher, the 
calcination can be carried out under vacuum condition (10'^ torr) to prevent 
damage of the carbon nanotubes by the combination of high temperatures and 
air. In addition, the calcination can be carried out at a temperature of 400- 
1,700°C. At this temperature range, a stable ceramic state can be formed. 
When the temperature is higher than 1, 700*^0, there is a risk of damage to the 
carbon nanotubes even by a small amount of oxygen. Accordingly, the matrix 
material requiring a calcination temperature of 400°C or higher can be 
calcinated at a temperature of 1,700°C or lower. In order to form a stable 
oxide ceramic phase, the matrix material requiring a calcination temperature 
of 400*^C or higher is first dried at 80-100''C for 6-12 hours and fiirther dried 
at 300-350°C for 6-12 hours to provide the matrix powders with a sufficient 
amount of oxygen. These calcination conditions make it possible to form a 
stable oxide ceramic phase. 

[0025] In some aspects of the present invention, composite powders can be 

fabricated fi-om ceramic matrix materials such as aluminum oxide, having a 
calcination temperature of 400°C or higher, and copper oxide, having a 
calcination temperature of 400®C or lower. 

[0026] Gases such as hydrogen gas, water vapor and nitrogen can be removed 

by drying, and stable ceramic powders can be fabricated by calcination. Thus, 
ceramic nanocomposite powders reinforced with carbon nanotubes of the 
present invention are fabricated. 

[0027] In the carbon nanotube-reinforced ceramic nanocomposite powders 

thus fabricated, the carbon nanotubes are homogeneously dispersed in the 
matrix. An example of the carbon nanotube-reinforced ceramic 
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nanocomposite powders is schematically shown in FIG. 1 . The homogeneous 
dispersion of the carbon nanotubes in the matrix prevents the surface of the 
matrix powders from being covered with carbon nanotubes, and thus improves 
the sinterability of the matrix powders during the consolidation process. In a 
conventional method for fabricating ceramic nanocomposite powders, the 
surface of matrix powders is covered with the carbon nanotubes. An SEM 
image of the conventional composite powders is shown in FIG. 2. 

[0028] FIG. 3 is a process chart of the method for fabricating the ceramic 

nanocomposite powders reinforced with carbon nanotubes of the present 
invention. The present invention will be described in more detail in the 
following Examples with reference to FIG. 3. In the Examples, either alumina 
powders or copper oxide powders were used as the matrix. To prepare the 
alumina powders and the copper oxide powders, almninum salt and water- 
soluble copper salt were used, respectively. 

[0029] These Examples are given only for the purpose of illustration, and 

those skilled in the art will appreciate that various modifications of the matrix 
material are possible. Accordingly, these Examples are not to be construed as 
limiting the scope of the invention. 

EXAMPLE 1 

[0030] Carbon nanotube-reinforced alumina nanocomposite powders having a 

calcination temperature of 400°C or higher were fabricated. First, 500 mg of 
multi-walled carbon nanotubes (diameter: about 10-40 nm; length: 5 jam, 
Nanotech Co., Ltd., Korea) were added to 500 ml of 65% nitric acid as a 
dispersion solution. The mixture was then subjected to sonication at 50 W and 
an intensity of 45 kHz for 2 hours using an ultrasonic cleaner (Model 08893- 
16, Cole-Parmer, Vemon Hills, IL) to prepare a dispersion of carbon 
nanotubes in nitric acid solution. The sonication was carried out to 
homogeneously disperse the carbon nanotubes and to enable matrix powders 
to widen the diffusion pathways between the carbon nanotube powders. 

[0031] In order to attain a volume fraction of carbon nanotubes of 10% (by 

volume), 1.7 g of aluminum hydroxide (Al(OH)3), as a matrix, was added to 
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the dispersion prepared above. The mixture was then sonicated at 50 W and 
an intensity of 45 kHz for 2 hours. The sonication was carried out to 
homogeneously disperse the carbon nanotubes and aluminum hydroxide and 
induce formation of chemical bonds between carbon nanotubes and matrix at 
the molecular level. 

[0032] The sonicated dispersion was heated to about lOO^C to evaporate water 

and then air-dried at 300°C. The resulting dried powders were then calcinated 
at a pressure of 10'^ torr and a temperature of 1,100®C for 2 hours to fabricate 
carbon nanotube-reinforced alumina composite powders. 

[0033] To determine the type and state of the powders fabricated after 

calcination. X-ray diffraction (XRD) analysis was performed. XRD analysis 
revealed that the composition of the powders was stable a-alumina (a-A^Oa) 
(FIG. 4). 

[0034] The phase of the powders fabricated after calcination was identified 

through scanning electron microscope (SEM) images of the carbon nanotube- 
reinforced alumina composite powders shown in FIGS. 5a and 5b. FIG. 5a 
shows the phase of the carbon nanotube/alumina composite powders, and 
FIG. 5b shows the fracture surface of the carbon nanotube/alumina composite 
powders. 

EXAMPLE 2 

[0035] Carbon nanotube/copper oxide nanocomposite powders having a 

calcination temperature of 400°C or lower were fabricated. First, 20 mg of 
multi-walled carbon nanotubes (diameter: about 10-40 nm; length: 5 |am, 
Nanotech Co., Ltd., Korea) were added to 300 ml of ethanol as a dispersion 
medium. The mixture was then sonicated at 50 W and at an intensity of 45 
kHz for 2 hours using an ultrasonic cleaner (Model 08893-16, Cole-Parmer, 
Vemon Hills, IL) to prepare a dispersion of carbon nanotubes in ethanol. The 
sonication was carried out to homogeneously disperse the carbon nanotubes 
and to enable copper salt to widen the diffusion pathways between the carbon 
nanotube powders. 
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[0036] In order to attain a volume fraction of carbon nanotubes of 10% (by 

volume), 3g of copper salt (Cu(CH3COO)2) was added to the dispersion 
prepared above. The mixture was then sonicated at 50 W and at an intensity 
of 45 kHz for 2 hours. The sonication was carried out to homogeneously 
disperse the carbon nanotubes and copper molecules, and induce the formation 
of chemical bonds between the carbon nanotubes and the copper molecules at 
the molecular level. 

[0037] The sonicated dispersion was heated to about 80-100°C for 8 hours to 

evaporate water and calcinated in air at 300-350°C for 4 hours. Under the 
calcination conditions, unnecessary organic solvents were removed and a 
sufficient amount of oxygen was provided to fabricate stable carbon nanotube- 
reinforced copper oxide composite powders. 

[0038] To determine the type and phase of the powders fabricated after 

calcination, an XRD analysis was performed. The XRD analysis revealed that 
the composition of the powders was stable copper oxide (CuO) (FIG. 6a). 

[0039] The phase of the powders fabricated after calcination was identified 

through SEM images of the carbon nanotube-reinforced copper oxide 
composite powders shown. FIG. 6b shows a representative phase of carbon 
nanotube/copper oxide nanocomposite powders which have a volume fraction 
of carbon nanotubes of 10% (by volume), 

[0040] In the method of the present invention, carbon nanotubes are 

homogeneously dispersed in the ceramic matrix. Accordingly, agglomeration 
of carbon nanotubes, a problem of conventional powders and composite 
materials fabricated using carbon nanotubes, can be solved. In addition, the 
method of the present invention is suitable for mass production of 
nanocomposite powders in a simple manner without the need for additional 
apparatuses. 

[0041] Conventional studies of carbon nanotubes have been devoted to 

dispersion, fiinctionalization and orientation of the carbon nanotubes, 
particularly in the field of electronic devices, whereas the present invention 
provides a basic technique capable of fabricating ceramic composite materials 
using carbon nanotubes. Accordingly, the ceramic nanocomposite powders 
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fabricated in accordance with the present invention can be used as high value- 
added abrasives or wear-resistant coating materials. Furthermore, since high 
sinterability of ceramic nanocomposite powders leads to fabrication of bulky 
ceramic nanocomposite materials, the present invention can be used in a broad 
range of fields such as the aerospace industry, high performance mechanical 
appliances, the medical industry and the like. 

[0042] These examples illustrate possible embodiments of the present 

invention. While the invention has been particularly shown and described 
with reference to some embodiments thereof, it will be understood by those 
skilled in the art that they have been presented by way of exeimple only, and 
not limitation, and various changes in form and details can be made therein 
without departing from the spirit and scope of the invention. Thus, the breadth 
and scope of the present invention should not be limited by any of the above- 
described exemplary embodiments, but should be defined only in accordance 
with the following claims and their equivalents. 

[0043] All documents cited herein, including journal articles or abstracts, 

published or corresponding U.S. or foreign patent applications, issued or 
foreign patents, or any other documents, are each entirely incorporated by 
reference herein, including all data, tables, figures, and text presented in the 
cited documents. 



